/V s), threshold voltage (V th ) is 0.3 (V), on/off ratio is 1.63 Â 10 8 and subthreshold swing (S.S.) is 239 (mV/decade). We find using rapid thermal annealing treatment can convert IGZO into an effective conductor, and the transparency of IGZO remained almost unchanged. We also find sufficient thermal budget is needed for getting stable transfer curve and output characteristic; otherwise, current fluctuation in on-state can be easily observed. With IGZO electrodes, fully transparent IGZO-TFTs can be thus realized on a glass substrate. Amorphous oxide semiconductors (AOS) have attracted industrial and commercial interests in recent years. Their advantages include low temperature process, large area fabrication, low cost, and compatibility with flexible electronics. 1 Its wide application to the flexible electronics, thin film transistors (TFTs), electronic papers, and sensors make AOS have the possibility to become the mainstream channel material for the next generation TFTs. 2, 3 Among several AOS materials, In-Ga-Zn-O (IGZO) is one of the most promising candidates. The TFTs with IGZO usually exhibit more superior electrical properties than those with amorphous silicon, poly-silicon, and organic conjugated polymers in terms of channel mobility, on/off ratio, subthreshold swing (S.S.), and threshold voltage (V th ). 4, 5 Moreover, IGZO thin film is transparent since its plasma frequency lies in the infrared region. 6 This feature facilitates the production of transparent display, detectors, and other applications. 7, 8 Even so, the IGZO-TFTs are not fully transparent since they need nontransparent metal as the source and drain electrodes. The presence of metal source and drain will certainly deteriorate the transparency since metals are opaque. Although indium-tin-oxide (ITO) is reported to be a good transparent electrode, the transparency of ITO is very sensitive to the process condition and post deposition treatment.
In this work, we demonstrate the possibility of making high performance IGZO-TFTs with IGZO source and drain electrodes. We find that rapid thermal annealing (RTA) can convert the IGZO thin film into an effective conductor. With sufficient thermal budget our fabricated IGZO-TFTs with IGZO source and drain electrodes depict excellent electrical properties in terms of mobility, threshold voltage, and on/off ratio. Certainly, the transparency has been improved by replacing metal source and drain electrodes. Our results suggest the fabrication of highly transparent IGZO-TFTs with non-metal electrodes is feasible. Figure 1 shows the outline of process flow and the device structure. We used the bottom gate bottom contact structure, which is believed to be more suitable for the TFT technology than the bottom-gate top-contact structure, and it has also recently been proposed for a-IGZO TFTs. 9 After standard RCA cleaning, we used n þþ Si wafer as the substrate, and its backside was coated by Al as the gate electrode. The 200 nm SiO x layer was deposited by plasma enhanced chemical vapor deposition system (PECVD), and its capacitance was 1.38 Â 10 À8 F/cm IGZO-E, while sample B and C accepted RTA treatment in N 2 ambient at 400 C before the deposition of IGZO-C. The durations for RTA treatment were 30 and 60 s, respectively.
The electrical properties were measured by HP4156 semiconductor parameter analyzer, the drain voltage was set to 5 V, and the gate voltage was swept from À20 V to 20 V. We also measured its output characteristics with varying drain voltage from 0 V to 20 V and gate voltage 0 V to 20 V with a step of 5 V. The thin film properties such as the composition ratio and metal-oxygen bonding state was measured by X-ray photoelectron spectroscopy (XPS), the optical transmission measurement of the IGZO film was measured for wavelength ranging from 300 to 800 nm by ultraviolet/visible/near infrared spectroscopy, and Hall effect measurements were performed by Hall effect system at room temperature. Figure 2 shows the transfer curves of samples. Table I summaries the corresponding electrical parameters in this work and other IGZO TFTs with various S/D electrodes. We employed the current model of the conventional Si metal-oxide-semiconductor field-effect-transistor (MOSFET), 15 and the expression is as follows:
Hence the mobility was extracted according to l ¼
In addition, the S.S. was extracted from the linear portion of the transfer curve by
where W is the transistor channel width, L is the transistor channel length, C is the capacitance per unit area of the gate insulator (SiO 2 ), l is the field-effect mobility, I D , V D , and V G are the drain current, drain, and gate voltage, respectively. Sample A depicts acceptable V th value and on/off ratio but poor S.S. Especially, the mobility is of only about 1 cm 2 /V s. Moreover, there is an abnormal current behavior between À3 V and 10 V and a reduction of on-current with increased gate voltage. These results mean the carriers cannot be effectively injected from the electrode into the channel. However, sample B and C show steeper S.S., much higher mobility, which achieves the standard of IGZO application, and more impressive on/off ratio than sample A. Also, both sample B and C do not have the abnormal current behavior before the transistors are turned on. These results suggest that the RTA treatment can transform the IGZO-E into an effective conductor. As a result, we can make high performance IGZO-TFTs without metal source and drain electrodes. As compared with the reported IGZO-TFTs in Table I , we consider the properties of our devices are comparable with those of the conventional IGZO-TFTs with metal electrodes. This approach can obviously enhance the transparency of TFTs and, more importantly, is fully comparable with the conventional IGZO-TFT with metal electrodes processing. Fig. 3 shows I D ÀV D output characteristics of sample B and C. We observe the curves of sample B are not very stable. There is apparent current oscillation at high gate and drain voltages. In contrast, sample C shows very stable and smooth curves at the whole applied voltage range. This implies that the duration of RTA shall be long enough to convert the IGZO-E into an effective conductor. In other words, the thermal budget shall be sufficient for well transformation of IGZO from a semiconductor into an effective conductor. In Fig. 4 , we show the optical transmittance spectra of the IGZO thin film with and without RTA treatment. We can observe there is no obvious change of optical transmittance of the IGZO film for all the wavelengths after the RTA treatment except around 300-450 nm. Even though the transmittance decreases around 300-450 nm, the film is still transparent with over 70% transmittance. In contrast, the transmittance of IGZO-TFTs with metal electrodes is typically under 10%. Therefore, we think using the RTA treated IGZO thin film as the electrodes is a good approach to show the feasibility of fully transparent IGZO-TFTs. The carrier concentration, sheet resistance, and Hall mobility of the IGZO films are also shown in Fig. 4 . We can see both carrier concentration and Hall mobility of the RTA-treated IGZO film are higher than those of the IGZO film without RTA treatment and increase with the RTA duration. The carrier concentration of IGZO thin film can reach about the level of 10 20 (/cm   3 ). Moreover, the sheet resistance reduces after the RTA treatment and decreases correspondingly with the prolonged RTA duration. This means the contact between the IGZO-E and IGZO-C can be improved, which is consistent with the results of the transfer and output characteristic curves of our devices. As a result, we confirm that the RTA treatment can significantly change the properties of IGZO and make the IGZO suitable for the transparent electrodes.
In order to identify the mechanism of conductivity modification of IGZO thin film by the RTA treatment, XPS analyses were also conducted. We observe that there is an obvious change in IGZO composition after the RTA treatment was performed (not shown). There is about two times increase on the amount of elements In, Ga, and Zn after RTA. Hence, we think the amount of oxygen reduction results from the oxygen out-diffusion during the RTA process. However, the composition change cannot thoroughly explain why the IGZO can be transferred into a conductor. Fig. 5 shows the XPS narrow scan spectra of the IGZO thin film with and without RTA treatment. From the result, we speculate the bonding states in the IGZO thin film will substantially influence the behavior of IGZO thin film. We observe the signals for metal elements In, Ga, and Zn basically remain the same in samples A and C except the signal intensity (not shown); after RTA treatment, the intensities of signals for the metal elements increase which means the atom ration of O is decrease. On the contrary, O spectrum shows the obvious signal shape difference between samples A and C, and the binding energy has shifted about 1.4 eV, indicating the bond state has been changed with the RTA treatment. It should be noted that all peaks have been calibrated referring to the carbon peak. We also deconvoluted the O XPS spectra into three waves representing for the indium(In), gallium(Ga), and zinc(Zn) oxide bonding states, as shown in Fig. 4 . We find the indium oxide bonding state becomes stronger after RTA treatment as compared to the other oxide bonding states. Indium oxide has the highest electron density among three oxides so that we think indium oxide can supply more electron carriers. 16 The carrier concentration of a conventional IGZO film is usually below 10 21 (/cm 3 ); 17 this fact means the IGZO is not metallic. However, the reduction in atom ratio of O in the IGZO thin film with the RTA treatment implies that many oxygen vacancies can be created. The oxygen vacancies were reported being able to provide more electrons and make the IGZO film behave like a conductor. 18, 19 Therefore, IGZO can act as an effective conductor after RTA treatment. We conclude the RTA treatment can change the bonding state situation in the IGZO thin film, increase the ratio of indium oxide bonding state, and result in more electron carrier generation.
In summary, we have investigated the feasibility of IGZO-TFTs without metal S/D electrodes. We find that the conductivity of IGZO thin film can be enhanced by a conventional RTA process without losing its transparency. High performance IGZO-TFTs with IGZO S/D electrodes were fabricated and demonstrated. We think the RTA treatment can change the situation of the oxide bonding states in IGZO thin film and convert IGZO from a semiconductor into a conductor. And we show the possibility of the fabrication of fully transparent IGZO TFTs. 
